Colour-M ⋆ /L (mass-to-light) relations are a popular recipe to derive stellar mass in external galaxies. Stellar mass estimates often rely on near infrared (NIR) photometry, considered an optimal tracer since it is little affected by dust and by the "frosting" effect of recent star formation episodes. However, recent literature has highlighted that theoretical estimates of the NIR M ⋆ /L ratio strongly depend on the modelling of the Asymptotic Giant Branch (AGB) phase.
INTRODUCTION
Various astrophysical problems require to estimate stellar mass from the photometry: for instance, to reconstruct the assembly history of galaxies through cosmic times (e.g. Bell et al. 2003 Bell et al. , 2004 ; to define the stellar/baryonic mass Tully-Fisher relation, which is more physically meaningful than in any specific photometric band (Bell & de Jong 2001; McGaugh 2005) ; to determine the inventory of baryons in the Universe (Fukugita, Hogan & Peebles 1998; Fukugita & Peebles 2004; McGaugh et al. 2010) ; and to disentangle the contribution of luminous versus dark matter in galactic dynamics (e.g. Portinari & Salucci 2010 , and references therein).
The key to it is the stellar mass-to-light ratio (M⋆/L). For a Simple Stellar Population (ensemble of coeval stars with the same chemical composition, formed in the same burst of star formation), M⋆/L depends on (a) the Initial Mass Function; (b) the age and (c) the metallicity.; for a composite stellar population, (b) and (c) become, respectively, age distribution (star formation history) and metallicity distribution. Population synthesis techniques and chemophotometric models of galaxies can predict theoretical M⋆/L ratios (including both living stars and remnants) associated to the photometric properties; yet only in the past decade this possibility has been fully appreciated in the dynamical and extra-galactic community. In particular, colour-M⋆/L relations have become a popular and handy tool to estimate stellar masses in external galaxies (e.g. Kranz Early on, Sargent & Tinsley (1974) and Larson & Tinsley (1978) reported tight relations between colour and M⋆/L for B, V bands, used by Tinsley (1981) to discuss the dark matter content in galaxies of different Hubble type. Those papers presented the first linear equation relating colour and log(M⋆/L), and the insightful remark that, adopting a different Initial Mass Function (IMF) "All the models of a set could be arbitrarily moved up or down in log M/LB [...] The slopes of the relations would not be altered".
After the pioneering papers of Tinsley and collaborators, the next analysis of M⋆/L ratios from galactic models was by Jablonka & Arimoto (1992) , who extended colour-M⋆/L relations to near infrared (NIR) bands; it is of historical interest that, in those early models, the M⋆/LH vs. (B − H) relation had a negative slope, at odds with relations in optical bands. Their models were used by Persic et al. (1993) to discuss the dark matter content of galaxies as a function of luminosity.
These early results on M⋆/L from galactic models went otherwise mostly unnoticed. The breakthrough introduction of "colour-M⋆/L relations" to the wider dynamical and extra-galactic community, was the extensive study of Bell & de Jong (2001) : they showed that a variety of disc galaxy models (closed box models, open models with inflows or outflows, with different formation age, with starbursts, etc.) all resulted in the same, robust log-linear colour-M⋆/L relations (CMLR). The tightest relations involve optical bands, where the notorious age-metallicity degeneracy is, for once, an advantage, as it concurs to keeping the relation tight. Similar CMLR were found to hold within disc galaxy models, along the radial colour profiles obtained in the inside-out scenario (Portinari, Sommer-Larsen & Tantalo 2004) . Semi-empirical (as opposed to purely theoretical) CMLR have been derived by Bell et al. (2003) from multiband photometry of galaxies in the SDSS+2MASS surveys.
A key feature of CMLR, also highlighted by Bell & de Jong (2001) , is that the zero-point of the relation is set by the stellar IMF, while the slope of the relation is robust versus this, and other, model assumptions. The zero-point in the optical bands (B, V, I) seems to be well established (Flynn et al. 2006) : models of the local Galactic disc based on star counts yield a colour-M⋆/L datapoint for the "solar cylinder" that agrees with the normalization of typical Solar Neighbourhood IMFs (Kroupa 1998; Chabrier 2001 Chabrier , 2002 .
To estimate stellar mass, near infrared (NIR) photometry is most often a favoured choice: (i) NIR luminosity, less affected than optical bands by minor recent star formation episodes (the "frosting" effect), is a better tracer of the bulk of the stellar population. (ii) The M⋆/L ratio in the NIR varies, overall, less than in the optical (Bell & de Jong 2001 ) -though it is not constant and totally insensitive to the star formation history, as often assumed in the past. (iii) NIR luminosity is less affected by dust extinction. (iv) Nowadays NIR studies benefit from excellent large databases obtained from extensive surveys (2MASS, UKIDSS, etc.) However, the integrated NIR light of a stellar population is heavily affected by the contribution of its Asymptotic Giant Branch (AGB) stars (Maraston 1998 (Maraston , 2005 Girardi & Bertelli 1998; Mouhcine & Lançon 2002 . At intermediate ages (0.3-3 Gyr) the AGB phase dominates the NIR emission, lowering the K-band M⋆/L ratio by a factor of 3-5 and inducing a colour transition to the red, reaching (V − K) 3. For high redshift galaxies in the relevant age range (z ∼ 2, ages 0.2-2 Gyr), population synthesis models including the AGB phase yield about 1 mag brighter K-band luminosities, 2 mag redder (V −K) colours, and 60% lower stellar masses and ages than other models (Maraston 2006; Tonini et al. 2009) .
It is by now well established that, in spite of its shortlived nature, the complex Thermally Pulsing (TP)-AGB phase has considerable impact on NIR colours and M⋆/L, and needs to be accurately modelled. Major advances in this respect have been implemented in the recent release of the Padova isochrones. In this paper, we explore their consequences on theoretical CMLR.
The paper is organized as follows. In Section 2 we discuss CMLR for Simple Stellar Populations, comparing the previous and recent release of the Padova isochrones, differing only in the TP-AGB phase implementation. In Section 3 we derive CMLR for composite stellar populations resulting from extended star formation histories. In Section 4 we derive CMLR for more detailed disc galaxy models with internal colour and metallicity gradients (Portinari et al. 2004) .
Dust can also influence CMLR relations, although to first order approximation, it is believed to have little impact on optical CMLR, as the dust extinction+reddening vector runs almost parallel to the CMLR itself (Bell & de Jong 2001) . The past decade saw major progress in modelling the effects of interstellar dust on the integrated light of galaxies (e.g. Silva et al. 1998; Popescu et al. 2000; Piovan et al. 2006) . We therefore revisit the role of dust on CMLR by including the attenuation effects derived from detailed radiative transfer models (Tuffs et al. 2004 ). Section 5 is thus dedicated to the CMLR of (normal) dusty galaxies. In Section 6 we outline our summary and conclusions.
COLOUR-M⋆/L RELATIONS FOR SIMPLE STELLAR POPULATIONS
In this section we discuss CMLR for Simple Stellar Populations (SSPs; Renzini & Buzzoni 1986) . We analyze the role of the TP-AGB phase by comparing SSPs based on the "old" (Girardi et al. 2000 (Girardi et al. , 2002 and "new" (Marigo et al. 2008; Girardi et al. 2010 ) isochrone dataset of the Padova group 1 . The "old" isochrones -basically the same set used for the CMLR of Portinari et al. (2004) -included the simplified TP-AGB prescriptions of Girardi & Bertelli (1998) . These are now superseded by detailed, calibrated evolutionary models of the TP-AGB phase (Marigo & Girardi 2007) that have been implemented in the "new" isochrone set. Notice that the "old" and the "new" datasets differ only in the treatment of the TP-AGB phase, so that the onset of the AGB in the SSPs is still at t ∼ 10 8 yrs, corresponding to a turnoff mass of about 5 M⊙. The Marigo TP-AGB models follow the detailed evolution of stars through pulse cycles, core mass and luminosity growth, III dredgeup, hot-bottom burning nucleosynthesis and overluminosity, conversion from M-type to C-type star, mass loss and final superwind phase. In their latest version (Marigo & Girardi 2007) , the models also consistently follow the variations of envelope opacities with surface chemical composition, and of pulsation mode; and adjust the mass loss rate accordingly. The main difference with respect to the "old" isochrone set is the transition to C stars due to the III dredge-up, and their extended red tail in the NIR HR diagram. The models are calibrated to reproduce the luminosity function of thousands of carbon stars in the Large and Small Magellanic Clouds (LMC and SMC), as well as the M-and C-type star counts/lifetimes in Magellanic Cloud clusters; and successfully compare to a variety of observables (periods and mass loss rates; period-luminosity relations; initial-final mass relation). These models aim at a comprehensive coverage of the complex TP-AGB evolution; in contrast to other models, optimized for population synthesis purposes, that simply calibrate the luminosity contribution of M-and C-type AGB stars as a function of SSP age (Maraston 1998 (Maraston , 2005 .
We retrieved isochrones with ages from log(t/yr) = 6.0 to 10.1, in Johnson-Cousins UBVRIJHK, Two Micron All Sky Survey (2MASS) JHKs and Sloan Digital Sky Survey (SDSS) ugriz filters. Integrated SSP luminosities were computed populating the isochrones with the Kroupa (1998) IMF, that is suitable to model the chemical evolution of the Milky Way and provides the correct zero-point for optical CMLR (Boissier & Prantzos 1999; Flynn et al. 2006) . The grid of isochrones and SSPs covers seven metallicities, with corresponding colour coding in the figures: Z=0.0001 (cyan), 0.0004 (yellow), 0.001 (orange), 0.004 (blue), 0.008 (green), 0.019= Z⊙ (red) and 0.03 (black). Our SSPs are based on the Marigo et al. (2008) isochrones for Z 0.004, where the AGB phase is accurately calibrated on observations in the Milky Way and Magellanic Clouds; for lower metallicities (Z 0.001) we rely on the Girardi et al. (2010) release, calibrated on the resolved AGB population of old, metal poor dwarf galaxies and on the white dwarf masses of globular clusters. These very low metallicities are however of minor interest for CMLR relevant to the general galaxy population: as noted by Bell & de Jong (2001) , the chemical enrichment caused by even modest amounts of star formation raises the galaxy metallicity rapidly to at least Z=0.002 even in a closed box case; and since the "G dwarf problem" appears to be ubiquitous both in disc galaxies like the Milky Way and in elliptical galaxies (Bressan et al. 1994) , the low-Z tail of the metallicity distribution function is expected to be always little populated.
We express M⋆/L ratios in solar units using the solar magnitudes listed in Table 2 obtained, consistently with the adopted isochrones, by interpolating the bolometric corrections of the Padova database for the corresponding solar model (log T ef f = 3.762, log g = 4.432).
The SSP mass M⋆(t), including both living stars and stellar remnants as a function of age, is computed from the lifetimes and remnant masses of the Padova models (Portinari, Chiosi & Bressan 1998; Marigo 2001) . For a total initial SSP mass of 1 M⊙, after a Hubble time the lockedup fraction is typically 70% for the Kroupa (1998) or the Salpeter IMF. Fig. 1 shows the evolution of the SSP mass for these two IMFs. The Salpeter case allows a direct comparison to the SSPs by Maraston (2005) and Bruzual & Charlot (2003) ; considering that the three sets of models have independent assumptions on stellar remnant masses and lifetimes, the agreement is excellent, within few % : any significant difference in M⋆/L between them is entirely due to the adopted luminosity and colour evolution, not to the mass evolution. (No direct comparison is presented for the Kroupa 1998 IMF, as the public Kroupa SSPs by Maraston 2005 are rather based on the top-heavy IMF in Eq. 3 of Kroupa 2001) . Notice that, since the Kroupa (1998) IMF contains fewer massive stars, and more long-lived stars, than the Salpeter IMF, a Kroupa SSP sheds its mass more slowly, although the final locked-up fraction is about the same. Figure 1 . Evolution of the SSP mass, including living stars and remnants, for the Kroupa (1998) IMF adopted in this work, and for the Salpeter IMF. Also shown are the masses of the SSPs from Maraston (2005) and Bruzual & Charlot (2003) , with Salpeter IMF. The plot is for solar metallicity, but we verified that, within in each model, the impact of metallicity on M⋆(t) is just few %.
The AGB phase contribution to the integrated light
Updates in TP-AGB modelling are expected to affect CMLR involving NIR bands, where TP-AGB stars dominate, by up to 80%, the luminosity of SSPs of intermediate ages 0.3-3 Gyr ( Figure 2 ); see Maraston (1998 Maraston ( , 2005 . This is supported by observations of LMC clusters (Frogel et al. 1990) , where AGB stars contribute up to 40% of the bolometric luminosity in said age range.
In Figure 3 , we compare the M⋆/L evolution of the old and new SSPs in K band. The onset of the AGB phase, soon after 100 Myr, is smoother in the new models: the "AGB phase transition" is not as sharp, due to revised mass-loss prescriptions that reduce the lifetimes of the most massive TP-AGB stars (Marigo et al. 2008) . Later on though, the new models remain significantly brighter in the NIR (up to 0.5 mag), predicting "lighter" M⋆/L ratios for most of the SSP lifetime. In bluer bands, the difference between old and new models is reduced, becoming negligible in U BV .
As a minor detail, notice that the new Z = 0.004 SSP presents a spike of high M⋆/LK (and a corresponding blue spike in (V − K), see Fig. 4 ) around log t = 8.4. As the NIR luminosity is very sensitive to the contribution of carbon stars, this feature can be ascribed to the complex dependence of the carbon star phase as a function of stellar mass and age for this particular metallicity (see Fig. 20 in Marigo & Girardi 2007 ). The spike is however smoothed away in the case of composite stellar populations.
For solar and LMC metallicity we also compare to the models of Maraston (2005) -her Z = 0.02 and 0.01 SSPs respectively: the M⋆/LK evolution is qualitatively similar to that of the new Padova models, although the onset of the AGB contribution occurs at t > 200 Myr. While this difference is relevant for star clusters within that specific age range, it is less crucial for the integrated light and CMLR of galaxies with extended star formation histories, where the two models globally agree (see Notice that the luminosity peak around log t = 9.2, most prominent for Z = 0.008, is a non-spurious, understood feature of SSPs (Girardi & Bertelli 1998) ; it is so short-lived, however, that it is smoothed away when considering composite stellar populations with finite age range. For solar and LMC metallicity (bottom panels) we also overplot the corresponding SSPs from Maraston (2005) rescaled, for the sake of this comparison, from Salpeter to Kroupa (1998) IMF by accountig for the approriate evolutionary flux (Maraston 1998). notice that the latter authors adopt different spectral libraries, and tailor their own version of the default Padova models considered here.
Circumstellar dust
The new Padova isochrones can also include circumstellar dust around AGB stars, following the recipes of Bressan et al. (1998) or Groenewegen (2006) . The circumstellar envelope reprocesses a fraction of the stellar UV/optical light to the mid and far infrared. The process is crucial to interpret the MIR HR diagram of the Magellanic Clouds (Marigo et al. 2008 (Marigo et al. , 2010 Piovan et al. 2003 ), but we verified that, for the sake of CMLR, even for these colours the impact of dust is smaller than the difference between the old and the new SSPs.
In bluer bands the difference between dusty and dustfree SSPs remains negligible, as the optical luminosity of SSPs is not so sensitive to the AGB phase (Maraston 1998 (Maraston , 2005 ; so, albeit the optical emission of AGB stars does suffer from dust reprocessing, this is of minor importance for the SSP as a whole.
In short, the impact of circumstellar dust on integrated SSP light is far less crucial than the improved TP-AGB modelling, and we shall neglect it in the remainder of this work. Figure 4 exemplifies the origin of CMLR for SSPs, as the combined result of the time evolution of colours and M⋆/L. We selected for illustration three metallicities: Z=0.0001 is the lowest in the database; Z=0.004 and 0.019, corresponding to SMC and solar metallicity, cover the range significant for the bulk of stellar populations in galaxies.
Time evolution of colours and mass-to-light
The top panels show a typical optical CMLR: both M⋆/L and colour smoothly increase with SSP age and the resulting CMLR does not significantly depend on metallicity, at least in the range Z = 0.004 − 0.02. The new implementation of the TP-AGB phase has very mild effects in optical bands: the AGB "phase transition" is not apparent in optical colours, dominated by the light of turn-off Main Sequence stars and core helium-burning stars (Renzini & Buzzoni 1986; Bressan et al. 1994; Maraston 1998 Maraston , 2005 . Only at very low metallicities, where young SSPs are much bluer, we see an AGB colour transition. The bottom panels in Fig. 4 illustrate a typical optical-NIR CMLR, where the difference between old and new models is far more evident. The (V −K) colour tends to saturate, becoming mainly a metallicity indicator, after t = 0.3 Gyr. Correspondingly, the optical-NIR CMLR for SSPs breaks down at old ages (cf. the almost vertical lines in the middle panel). With the new SSPs, the evolution of the K band M⋆/L ratio is very similar for 0.004 Z 0.019; this degeneracy with respect to metallicity was already remarked by Maraston (2005) .
COLOUR-M⋆/L RELATIONS FOR EXPONENTIAL MODELS
Composite stellar populations -convolutions of SSPs of different age and metallicity, according to a given star formation and chemical evolution history -are more relevant for practical applications of CMLR to real galaxies. In this section we shall consider exponentially declining (or increasing) Star Formation Rates (SFR), a common recipe to mimic the photometric properties of the Hubble sequence. The age of our models is T = 10 Gyr (the age estimate for the Milky Way disc; Carraro 2000). For each metallicity, we compute a grid of 27 exponential models with SFR Ψ(t) ∝ e −t/τ : declining SFR are modelled with e-folding timescales τ ranging from 1.55 Gyr to ∞ (constant star formation rate); increasing SFR are modelled with negative values of τ ranging from −50.00 to −1.00.
These star formation histories (SFHs) can be characterized by the "birthrate parameter" b = ψ(T )/ ψ : the ratio between present-day and past average SFR. This can be considered a tracer of morphological galaxy type, with b < 0.2 for Sa-Sab discs, b ∼ 0.4 for Sb discs and b ∼ 1 for Sc discs (Kennicutt, Tamblyn & Congdon 1994; Sommer-Larsen, Götz & Portinari 2003) . Therefore, exponential models with b 1 schematically represent "normal" spiral galaxies; models with b > 1 represent blue galaxies with prominent recent star formation. Elliptical galaxies are typically well represented by old SSPs (b −→ 0).
The range of adopted τ and b values (from 0.01 to 10.0) are tabulated in Table 2 . Our grid of exponential models is similar to that considered by Bell et al. (2003) .
Effects of updated TP-AGB models
We now compare the CMLR of exponential SFHs, derived from the old and the new SSPs, mostly for Z 0.004 as the relevant metallicity range for integrated galaxy light.
In Figure 5 we plot the M⋆/L ratio of exponential models versus b parameter. As already shown for SSPs, the optical luminosity is only marginally affected by the update: the new models are brighter just by 0.03 dex in I band. In NIR bands, the new TP-AGB implementation renders the models brighter up to 0.1 dex (or 25%); the difference is largest at solar metallicity. With the new models, the depen- dence of M⋆/LK on metallicity is largely reduced (Fig. 4 and Maraston 2005) : NIR M⋆/L ratios depend on the SFH of the system but not much on the underlying chemical enrichment history and metallicity distribution. This is convenient when deriving stellar masses from NIR luminosity; in comparison, for M⋆/LI the metallicity dependence is as strong as the SFH dependence (at least for b 1). In Fig. 6 we plot CMLR for M⋆/LK versus (B − R) and (V − K) colours, a popular choice for estimating stellar masses (Kranz et al. 2003; Kassin et al. 2006) . The effect of the new SSPs on the M⋆/LK − (B − R) relation is an overall brightening by 0.1-0.15 dex at any fixed (B−R), as the latter is quite insensitive to TP-AGB modelling (see Fig. 4 ). This is in general the case for CMLR based on optical colours.
In optical-NIR colours instead, the new models are up to 0.3 mag redder than the old models. As a combined result of brightening and reddening, the M⋆/LK ratio at a given colour is up to 0.3 dex, or 2 times, lighter. Factor-of-2 lighter masses were indeed derived by Maraston (2006) from multiband photometry of galaxies at z ∼ 2, thanks to the AGB contribution in their models.
Also, the M⋆/LK − (V − K) relation depends more strongly on metallicity for the new models, as (V − K) is more of a metallicity tracer than a M⋆/L tracer (see Fig. 4 ). Similar comments hold for other optical-NIR colours.
In Figure 7 we show the new CMLR for B and K band M⋆/L versus (B − R) and (I − K), for all the metallicities (coloured solid lines) and a representative sampling of the b-parameter range 0.01-10 (dashed lines). The CMLR for a 10 Gyr old SSP is added as a dot-dashed line, smoothly extending the CMLR of the exponential models with the lowest b values.
We confirm the tight correlation between B band M⋆/L ratio and the optical (B − R) colour, very little affected by SFH and metallicity -other than possibly for the lowest Z = 0.0001 case. Such a degree of age and metallicity degeneracy ensures robust CMLR in the optical.
CMLR remain quite robust even for K band M⋆/L versus (B −R): the age-metallicity degeneracy is quite tight for Z 0.004, breaking down only for lower metallicities that are seldom relevant in integrated galaxy light.
In (I − K), the age-metallicity degeneracy breaks down (Bell & de Jong 2001) for this is mainly a metallicity indicator, like (V − K). (For the lowest metallicities, the dependence of (I − K) on Z gets "inverted" for b > 1 -i.e. when the system is dominated by young stellar populations. We ascribe this behaviour to the fact that the extended C star phase of the more massive AGB stars causes a greater colour transition toward the red, the lower the metallicity; see Fig. 20 in Marigo & Girardi 2007) . CMLR in (I − K) are not very meaningful. The same holds for redder (purely NIR, e.g. J − K) colours and for (V − K); while (B − K) yields reasonably tight CMLR for Z 0.008, the LMC metallicity.
We provide in Table 3 log-linear CMLR for exponential models, for those colours that reasonably trace the M⋆/L ratio, at least in the metallicity range relevant for galaxies (Z 0.004). These CMLR fit the detailed model results within ±0.1 dex (25% accuracy in M⋆/L); asterisks indicate less tight CMLR, accurate within ±0.13 dex (35% error).
As a rule, the fits are based on models with 0.004 Z 0.03, but for optical-optical colours the same fits are good also down to much lower metallicities. In few cases, meaningful fits are limited to Z 0.008. The metallicity range where the fit is valid is indicated in the table.
Among optical colours, (R − I) and (r − i) are the least reliable M⋆/L indicators; their use is further discouraged by their short baseline, as the error on the colour will have a significant impact on the practical estimate of M⋆/L (see also Gallazzi & Bell 2009 ).
In Table 3 we also provide CMLR for SDSS colours; they are steeper -lighter at the blue end -than those of Bell et al. (2003) . This is partly due to the fact that their semi-empirical relations are intrinsically flatter than the theoretical ones (BdJ or PST04), partly due to the fact that our new models result in somewhat steeper CMLR even for optical colours (see Section 4).
Comparison to old literature and to the no-TPAGB case
To highlight the importance of the TP-AGB phase for CMLR, we compare to the previous theoretical relations of Bell & de Jong (2001, hereafter BdJ) , based on an early release of the GALAXEV population synthesis package by Bruzual & Charlot (2003) . Our Fig. 8 mimics Fig. 2 of BdJ by limiting to exponentially decreasing SFHs (b 1, representative of "normal" galaxies) and mostly plotting the same metallicities (albeit their plot extends up to Z = 0.05 and ours down to Z = 0.0001). The two figures are directly comparable, safe for a systematic offset in M⋆/L zero-point of about 0.2 dex, due to the different IMF (Salpeter vs. Kroupa) and older age (12 vs. 10 Gyr) in their models.
The bottom panel of Fig. 8 excludes the contribution of the TP-AGB phase (we computed no-TPAGB SSPs from the Padova isochrones, halting integration at the mass point where the Mhec flag marks the extension to the TP-AGB phase). The outcome is remarkably similar to Fig. 2 of BdJ, reasserting that early versions of GALAXEV effectively neglected the TP-AGB contribution (Maraston 2005) , although this has improved in later versions (Bruzual 2007) .
With respect to the no-TPAGB case, the optical CMLR becomes marginally less tight in the range Z = 0.004 − 0.03, while (I − K) becomes an even more neat metallicity indicator, independent of SFH. Most interesting is the M⋆/LK -(B−R) CMLR: the "wedge" pattern in the no-TPAGB case, also seen in BdJ, significantly changes when the TP-AGB phase is included: this CMLR becomes lighter, steeper, and tighter in the metallicity range Z = 0.004 − 0.03. The same applies to NIR M⋆/L versus optical colours in general.
The "wedge" pattern in the M⋆/LK -(B − R) relation, typical of population synthesis models of the early 2000's, directly reflected in the multi-band analysis of the galaxy mass function of Bell et al. (2003) . In Fig. 9 we reproduce their Fig. 20 , where each galaxy was assigned a location in the CMLR plane by χ 2 -optimization within the underlying grid of exponential SFH models; to this we overlay the theoretical grid from Fig. 2 of BdJ, vertically shifted to adjust it to the IMF normalization adopted by Bell et al. 2 Clearly the colour-M⋆/L pattern predicted at the time beared on the estimated M⋆/L ratios and on the resulting "semi-empirical" CMLR of Bell et al. (2003) , that is much flatter than the original theoretical relation of BdJ and has been widely used thereafter. Considering the rather different CMLR predicted by modern models, and the crucial role of NIR light in determining stellar mass, those results on the stellar mass function and semi-empirical CMLR are worth a revision.
Also, we argue against the blind application of semiempirical relations established for the galaxy population as a whole, when interpreting photometric properties within individual galaxies (e.g. Kassin et al. 2006) . The very flat slope of the semi-empirical CMLR of Bell et al. (2003) is evidently driven by a population of objects with very blue optical colours but high NIR M⋆/L ratios, that stands aside of the rest of the trend as very metal-poor (dwarf?) galaxies with old stellar populations. Their chemical and photometric properties are then quite different from those found within normal disc galaxies, so that CMLR derived including these objects do not apply to colour profiles in spiral galaxies. 
COLOUR-M⋆/L RELATIONS FOR DISC GALAXY MODELS
In this section we recompute the CMLR for the disc galaxy models of Portinari et al. (2004, hereinafter PST04 ) and discuss the updated CMLR relevant within individual galaxies. Figure 10 . CMLR for the chemo-photometric models of disc galaxies of PST04 with Salpeter and Kroupa IMF, updated with the new SSP set. Symbols as in Fig. B1 of PST04. Open symbols: one-zone models for individual disc annuli; filled symbols: multi-zone models (integrated photometry of bulge region, disc region, or global galaxy); asterisks, "optical disc" region; see PST04 for more details. The solid lines represent the linear fits for the different IMFs; the dashed line is the superseded CMLR of PST04 for the Kroupa IMF. For purely optical CMLR (top panels) the new and old CMLR differ at the blue end: the old CMLR were linear down to a certain break point in colour (the blue limit of the dashed lines; see also Fig. B1 in PST04) , below which M⋆/L quickly dropped. In the new CMLR, the relation steepens toward the blue (say, below 0.6 in B − V , 0.9 in B − R) with no abrupt break; this smoother trend reflects that of the new SSPs in Fig. 4 (top mid panel) . Still, a single linear fit is adequate over a wide colour range, with a slope somewhat steeper than in the CMLR of PST04. The fitting coefficients are listed in Table 4 and Table 5 . (Notice that disc models cover a smaller colour range than the exponential models, as SFHs and metallicities do not get as extreme as considered in the previous section.)
The break/steepening of the optical CMLR at the blue end seems supported by observations (McGaugh 2005) so it is worth commenting in detail. In the inside-out scenario, disc galaxies are characterized by radial gradients in metallicity and SFH: blue colours in the disc outskirts result from a combination of low metallicities and slow SFHs (b ≃ 1). To illustrate the consequence of this folding, Fig. 11 displays the M⋆/LB − (B − V ) relation from exponential models. For SFHs typical of "normal" galaxies (b 1, bottom panels) around (B − V ) = 0.5 there's a shift from Z 0.004 to Z < 0.004: bluer colours can only be obtained for lower metallicities, which for a given SFH (e.g., b = 1) have systematically lower optical M⋆/L. Indeed, the old CMLR of PST04 had a break in M⋆/L at (B − V ) ≃ 0.5. The effect is stronger when the TP-AGB phase is properly included (left panels vs. mid panels) and was even stronger with the old TP-AGB prescriptions of Girardi & Bertelli (1998) (right panels) , that led to the abrupt break in the CMLR of PST04 -while no such effect was seen in the BdJ models for global galaxies. This shows that, albeit linear log M⋆/L-colour relations are a reasonable and handy approximation over a very large range in colours, for detailed studies it is worth to consider realistic chemical evolution models and the role of the mass-metallicity relation (for galaxies in general) or of metallicity gradients (within individual objects). outskirts of disc galaxies the M⋆/L ratio should be lower than predicted by the BdJ recipe (and by the even flatter semi-empirical relations of Bell et al. 2003) .
When considering red or NIR bands (bottom panels in Fig. 10 ), the CMLR relation flattens out at the blue end, with a large scatter. This is also consequence of the metallicity gradients: blue colours correspond to the metal-poor outskirts of discs, and at low Z red-NIR M⋆/L ratios tend to be larger and do not follow tight CMLR (Fig. 8, left panels) . In Table 4 and 5 we indicate the blue limit for the log-linear CMLR, below which flattening occurs and scatter in M⋆/L at given colour becomes significant, exceeding ±0.1 dex.
The bottom right panel of Fig. 10 shows M⋆/LK vs. (V − K), representative of optical-NIR CMLR in general. As (V − K) is mostly a metallicity tracer, rather than a M⋆/L tracer, the new relation is very steep at the red end (central regions of disc galaxies with high metallicities) and flattens out below (V − K) = 2.6, presenting everywhere a large scatter. Though we still provide CMLR based on optical-NIR colours in Table 4 , we remark with asterisks that these colours are not good tracers of M⋆/L.
Optical colours should always be preferred -even when estimating NIR M⋆/L (Fig. 12) . The new optical colour-NIR M⋆/L relations are steeper, with lower M⋆/L at a given colour; and are nicely tight down to some blue limit (∼0.9 for B − R) below which they display the typical flattening and large scatter of the low metallicity regimes.
We remark again that, when studying the profiles of disc galaxies (for the sake of decomposing rotation curves, for instance) this sort of steep CMLR should be adopted, as they correspond to self-consistent folding of SF and metal enrichment histories, with low metallicities always associated to slow SFH and young stellar populations in the outer regions. "Global" CMLR for the galaxy population as a whole (Bell et al. 2003 ) are much flatter due to the contribution of galaxies with metal-poor old populations (Fig. 9) , that have no counterpart in disc galaxies. Depending on the type of problem at hand, the suitable set of CMLR ("local" or "global", theoretical or semi-empirical) should be adopted.
ATTENUATION BY INTERSTELLAR DUST
We have discussed in Section 2.2 that circumstellar dust around AGB stars has a negligible effect on optical and NIR CMLR, so that we can disregard it. In this section we address the effect of interstellar dust, that both reddens and dims stellar luminosity. Bell & de Jong (2001) argue that, to first order, in optical CMLR the two effects compensate each other, as the dust vector runs almost parallel to the dust-free CMLR (age-metallicity-dust degeneracy).
We revisit the effects of interstellar dust on optical 
Ks 2M 0.879 -1.019 -0.847 >0.6 0.35-1.05 and NIR CMLR over galactic scales, taking advantage of recent recipes based on detailed radiative transfer models (Tuffs et al. 2004 ). Our goal is to provide CMLR that are statistically applicable to large galaxy samples that include a range of morphologies, intrinsic colours and random inclinations.
The attenuated spiral galaxy models
We construct simple models of spiral galaxies consisting of bulge+disc, and then apply the dust corrections of Tuffs et al. (2004) . The models include a bulge component, represented by a 10 Gyr old SSP, and a disc component with exponential SFH with b 2 (Section 3): b 1 values represent "normal" disc galaxy morphologies, and we extend to somewhat bluer objects with recent intensive SF. For simplicity, the dust-free models were calculated only for solar metallicity: we shall see that dust effects on galactic scales are statistically more relevant than metallicity effects.
The models have a random distribution in b = 0.01 ÷ 2 and in bulge-to-total ratio B/T=0 ÷ 0.6, typical of disc galaxies (Allen et al. 2006) ; the corresponding luminosity ratios (B/T) λ entering Eq. 1 below, are computed selfconsistently from the SFHs for bulge and disc. Dust attenuation is then added for random inclinations from face-on to edge-on, 0 cos(i) 1, for a total of 20000 models.
Dust attenuation in the various bands is computed following the prescriptions of Tuffs et al. (2004) , to which the reader is referred for all details. Their dust models have been successfully tested both on multi-band emission of individual galaxies (Popescu et al. 2000) and on large galaxy surveys (Driver et al. 2007) . The attenuation prescriptions of Tuffs et al. depend only on the properties of interstellar dust, not on the incident stellar radiation field, and are presented as applicable to real disc galaxies irrespectively of their detailed stellar SED; likewise, they are applicable to model disc galaxies irrespectively of the specific population synthesis model used to generate them.
In short, the dust model includes a clumpy dust component associated with the star-forming regions in a thin disc (which affects only UV light, and can be neglected in the optical/NIR; Popescu et al. 2000; Tuffs et al. 2004 ) and a diffuse dust component residing both in the young thin disc and in the older disc. The bulge is intrinsically dust-free, but is heavily affected by the dust in the disc, to the extent that it turns out to be the most attenuated galaxy component; a counter-intuitive result confirmed by observational trends (Driver et al. 2007 ). The equation for the composite attenuation of the galaxy at wavelength λ is: Driver et al. (2007) based on 10095 galaxies with bulge-disc decomposition.
We notice in passing that Eq. 1 becomes inconsistent for high B/T values, as it predicts an ever-increasing attenuation for increasing bulge fraction, while in the limit B/T −→ 1 attenuation should vanish together with the disc component. We suspect that this is a consequence of extending the disc+dust to the very centre, rather than modelling a hole in the dusty disc in correspondence to the bulge component. However, here we only consider galaxies with an important disc component (B/T 0.6) where the dust prescriptions of Tuffs et al. are well supported by observational evidence (Driver et al. 2007 ). Figure 13 . CMLR for dust-free model galaxies (black dots) and attenuated models (red dots). The solid line indicates the linear fit to the attenuated models. Fig. 13 shows the effects of dust on various CMLR. The dust-free galaxies (black dots) are intrinsically redder with decreasing disc b-parameter and increasing B/T ratio. They follow, within the quoted uncertainty of 0.1 dex, the CMLR predicted by the exponential models of Section 3: the superposition of two components, disc+bulge (exponential SFH + old SSP) still closely follow the one-component CMLR -but there is hardly any CMLR in (I − K), as discussed in Section 3. When dust attenuation is taken into account (red dots), the models spread on a much wider area in the plot, the brighter (fainter) bound corresponding to face-on (edge-on) inclinations.
Colour-M⋆/L relations for dusty galaxies
The top panels show optical CMLR. The spread in log M⋆/L at a fixed colour is about 0.5 dex (a factor-of-3), with dusty galaxies being tipically less luminous than the dust-free case. Notice that the red end of the dust-free distribution is scattered much further to the red by attenuation, than the blue end; this is another counter-intuitive result of the bulge component suffering more extinction than the disc. The largest departures from the dust-free case correspond to the highest inclinations, that are statistically less frequent; altogether the statistical CMLR of attenuated galaxies (solid line) is not too far from the dust-free exponential case of Section 3. In the log M⋆/L vs. (B −R) plane the dusty CMLR is mildly offset (0.1 dex) from the dust-free one, toward heavier M⋆/LB at fixed colour.
The (statistical) effect of dust is smallest for M⋆/LV vs. (V − I): the attenuated CMLR just shows a bit steeper slope than the dust-free one, and the difference is even less than 0.1 dex. This is interesting as Gallazzi & Bell (2009) have recently selected (g − i) as the best suited colour for stellar mass estimates in the dust-free case. As this colour is quite close to (V − I), we argue that dust corrections are small for CMLR involving (g − i), so that this is a robust optical M⋆/L indicator also with respect to dust effects. (We cannot address the role of dust attenuation directly in SDSS bands, as the Tuffs et al. prescriptions are only provided for Johnson bands.)
The role of dust is remarkable in optical-NIR CMLR (bottom panels): inclination strongly influences the colours, and the strong reddening renders the dusty optical-NIR CMLR lighter, at a given colour, than the dust-free case.
Since the dust-free optical-NIR CMLR depend on metallicity, we checked that changing the metallicity of the galaxy models (within a factor of 2-3 from solar, as relevant for global galaxy metallicities) has very little impact on the resulting dusty CMLR: the effect of dust is dominant over metallicity effects.
In some optical-NIR CMLR, attenuation and reddening combine so as to maintain tight CMLR -albeit different from the dust-free case. The best example is (B − K), with a M⋆/L scatter of at most ±0.15 dex in all bands (bottom left panel). Also (V − H) is a good M⋆/L tracer for dusty galaxies, with a scatter of ±0.15 dex in M⋆/LV or M⋆/LH at given (V −H). Even for the (I −K)−M⋆/LI relation, the scatter (±0.2 dex) is no worse than that for optical dusty CMLR (bottom right).
In summary, when dust attenuated galaxies are considered, optical-NIR CMLR are no worse (in terms of scatter) than optical-optical CMLR; in some cases -notably (B − K) -they are even favoured. The best option in dusty Table 6 . Fitting coefficients of CMLR of the form : log(M⋆/L) = s × colour + z for dusty galaxy models. 
optical-NIR CMLR is to derive M⋆/L in one of the bands involved in the base colour; a very common case in practice.
SUMMARY AND CONCLUSIONS
In this paper we rediscuss theoretical colour-stellar mass-tolight relations (CMLR) in the light of modern populations synthesis models including an accurate implementation of the TP-AGB phase, and of the effects of interstellar dust as predicted from radiative transfer models of disc galaxies.
The importance of the AGB phase for the integrated NIR luminosity of stellar populations has been extensively discussed in recent years (Maraston 2005 (Maraston , 2006 Tonini et al. 2009 , and other papers of the same series). In intermediateage stellar populations (0.3-2 Gyr), TP-AGB stars dominate the NIR luminosity, lowering the M⋆/L ratio by up to a factor of 2 and driving very red optical-NIR colours (V − K 3); NIR M⋆/L ratios are quite independent of metallicity. Optical luminosities and colours, on the other hand, are not severely affected.
We update theoretical CMLR for composite stellar populations by means of the latest Padova isochrones (Marigo et al. 2008; Girardi et al. 2010) , which include a far more refined treatment of the TP-AGB phase than the previous dataset (Girardi & Bertelli 1998; Girardi et al. 2002) .
For most of their evolution after the onset of the AGB at ∼100 Myr, the updated Single Stellar Populations are significanly brighter in the NIR (up to 0.5 mag), with correspondingly "lighter" M⋆/L. The effect of circumstellar dust on the integrated optical and NIR luminosity is negligible.
Considering both Simple and composite Stellar Populations (the latter with exponentially decreasing/increasing star formation histories mimicking the Hubble sequence, as well as from full chemo-photometric galaxy models) we highlight the following characteristics of updated CMLR.
• Optical CMLR are little affected by the upgrade in the AGB models, and remain tight thanks to a strong agemetallicity degeneracy (cf. Bell & de Jong 2001) .
• The integrated NIR luminosity is increased with minor effects in the optical: the resulting NIR M⋆/L is about 0.1 dex lighter, at a given optical colour.
• The integrated NIR luminosity is also less sensitive to metallicity -at least for Z 0.004 which is representative of the bulk of the stellar populations in galaxies. This favours a more robust estimate of stellar mass from NIR light, with tighter NIR M⋆/L-optical colour relations (like M⋆/LK vs. B − R) compared to previous predictions.
• In optical-NIR colours, such as (V −K), the new models are both lighter and redder, so that the new CMLR are much lighter (up to 0.3 dex, a factor of 2) at a given colour.
• As noticed by Bell & de Jong (2001) , optical-NIR colours like (V − K) or (I − K) are mostly metallicity indicators, while being very poor M⋆/L tracers; this is even more true with the new models.
• The new models suggests a revision of results obtained from multi-band analysis of the galaxy population spanning from optical to NIR, including semi-empirical CMLR (Bell et al. 2003) .
• We argue against the use of semi-empirical CMLR established for the general galaxy population, when studying individual galaxies: the CMLR resulting from a coherent star formation and chemical evolution history (and their radial gradients) within a single galaxy is potentially different from the CMLR obtained as a statistical average of galaxies. This is evident for instance in the "break" of the CMLR at blue optical colours, seen in chemo-photometric models of disc galaxies (Portinari et al. 2004) and not when considering a wider range of (uncorrelated) SFH and metallicities describing the galaxy population in general.
We finally warn that recent observational results suggest that the newest population synthesis models may actually overestimate the luminosity contribution of AGB stars (Kriek et al. 2010; Zibetti et al. 2012) , partly due to an excess of rare, luminous AGB stars in the models (Melbourne et al. 2010) and partly due to the effects of circumstellar dust (Meidt et al. 2012) . Future, better calibrated AGB models may converge on CMLR intermediate between the "classic" ones of the early 2000's and those presented here.
All of the above refers to dust-free CMLR. It is usually assumed that, at least for optical CMLR, dust is a secondorder effect thanks to the age-metallicity-dust degeneracy (Bell & de Jong 2001) . We revisited this issue considering a more realistic implementation of dust effects on galactic scales, and found that dust has a non-negligible role.
• The combined effect of reddening and attenuation introduces an enormous scatter even in optical CMLR: highly inclined disc galaxies can be 0.5 dex "heavier" at a given colour, than predicted by dust-free CMLR. So, for individual galaxies, the CMLR does not apply unless good inclination information and dust corrections are available.
• Nontheless, we can still define "dusty" CMLR that statistically apply to large galaxy samples where we lack detailed morphological and inclination information for individual objects (but are at least able to distinguish a disclike galaxy from a pure spheroid with no dust). In the optical, statistical dusty CMLR are somewhat heavier (about 0.1 dex) at a given colour, than the dust-free case.
• The smallest change with respect to the dust-free case is found for M⋆/LV vs. (V −I). This suggests that the (g −i) colour, recently selected as optimal stellar mass tracer in the dust-free case (Gallazzi & Bell 2009 ), remains a good tracer also when considering (or neglecting!) the effects of dust.
• Dust reddening strongly alters optical-NIR CMLR, making them lighter, at given colour, than dust-free CMLR.
• For some optical-NIR CMLR, extinction and reddening combine to yield rather tight dusty CMLR -albeit very different from the dust-free ones. (B − K) is an excellent stellar mass tracer for dusty galaxies, with a scatter in M⋆/L within ±0.15 dex in all bands. M⋆/LV,H vs. (V − H) CMLR are also similarly tight. For dusty galaxies, these CMLR are better mass tracers than optical-optical CMLR.
In Tables 3 through 6 we give our updated CMLR for the various cases: exponential models (for those colours where defining a CMLR is meaningful, at least for Z 0.004); chemo-photometric disc galaxy models, where CMLR result from a consistent convolution of SF and chemical evolution history, to be best applied within individual (dust-free or dust-corrected) galaxies; and "dusty" CMLR that can be statistically applied to large galaxy samples.
CMLR are a robust, handy tool to estimate stellar masses; we can optimize their use by choosing the colour and relation most suitable for each specific problem.
